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Decomposing sensorimotor 
variability changes in ageing and 
their connection to falls in older 
people
Chin-Hsuan Lin  1 & A. Aldo Faisal1,2,3
The relationship between sensorimotor variability and falls in older people has not been well 
investigated. We developed a novel task having shared biomechanics of obstacle negotiation to 
quantify sensorimotor variability related to locomotion across age. We found that sensorimotor 
variability in foot placement increases continuously with age. We then applied sensory psychophysics 
to pinpoint the visual and somatosensory systems associated with sensorimotor variability. We 
showed increased sensory variability, specifically increased proprioceptive variability, the vital cause 
of more variable foot placement in older people (greater than 65 years). Notably, older participants 
relied more on the vision to judge their own foot’s height compared to the young, suggesting a shift in 
multisensory integration strategy to compensate for degenerated proprioception. We further modelled 
the probability of tripping-over based on the relationship between sensorimotor variability and age and 
found a correspondence between model prediction and community-based data. We reveal increased 
sensorimotor variability, modulated by sensation precision, a potentially vital mechanism of raised 
tripping-over and thus fall events in older people. Analysis of sensorimotor variability and its specific 
components may have the utility of fall risk and rehabilitation target evaluation.
Falls are the leading cause of unintentional injuries in older people1,2; they account for more than 60% uninten-
tional injuries and 50% of accidental death among people aged 65 and older1. Most falls in older people occur 
during locomotion, and more than 50% of falls are triggered by tripping over something during walking3–7. 
Biomechanical research has documented gait differences between the young and older that are related to falls. 
Among them, gait variability has been consistently observed to increase with age8–10, and older fallers have higher 
variability than older non-fallers8. Increased gait variability is thus considered a marker of increased risk of fall-
ing. Although these epidemiological and biomechanical studies have provided phenomenological understandings 
of falls, the physiological basis underlying older people’s gait variability changes remains largely unexplored.
Walking, like other motor tasks, is achieved by making use of sensory information, which conveys the states 
of the environment and body, to generate and execute motor commands11–13. The neural signals, from sensation, 
motor planning to execution, are intrinsically noisy11,14. This noise in the sensory and motor systems causes 
variations of motor performance across multiple repetitions of a task, i.e. sensorimotor variability13–15. Most stud-
ies probing the ageing effects on sensorimotor tasks have focused on the upper limb and consistently found 
higher sensorimotor variability in older people16–19. This increase of sensorimotor variability is associated with 
a deficiency in older people’s activities of daily living16,20. A small number of studies compared ankle positioning 
precision between the young and older21,22 and showed increased position variability in older people. It is thus 
reasonable to hypothesise that increased sensorimotor variability with age also presents in locomotion and man-
ifests as increased gait variability. Further, this raised sensorimotor variability in the lower limb would impact 
negatively on older people’s health and quality of life by increasing their fall risk.
Evidence has supported that ageing-related deficits of multiple sensorimotor functions are linked to gait 
decline and an increased probability of falling23–27. However, the majority of these studies focused only on average 
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performance metrics, but not variability. In the small number of studies investigating variability values, one study 
showed a link between greater quadriceps muscle unsteadiness and fall history in older people25. Regarding sen-
sation, the roles played by vision and proprioception in falls have been investigated mainly through balance 
control. For example, studies have revealed that raised ankle joint position sensation variability during ageing are 
likely to contribute to impaired static postural control in older people28,29. Much less is known about the associa-
tion between sensory degeneration and sensorimotor variability during ageing, let alone gait variability. We argue 
that there is a need to delineate the connection between sensory variability and gait impairments with age because 
this approach links sensory degradation to trip-over risk when walking.
There is increasing evidence showing that people make use of visual estimates of the environment (see 
review30) as well as visual30 and proprioceptive estimates of the extremity position31 to guide their locomotion. 
The gross sensory variability of walking thus originates from the visual uncertainty of the environment as well as 
the visual and proprioceptive uncertainty of the extremity. Vision23,32 and proprioception31,33 are susceptible to 
ageing process, but the scales and speed of changes may differ. To date, there has been no systemic investigation 
to pinpoint the relevance of the variability of individual sensory modalities to ageing-related sensorimotor vari-
ability alterations. As modality specific measurements can lead to a more precise understanding of mechanisms 
behind increased sensorimotor and gait variability and thus the development of targeted fall prevention strategies, 
it is valuable to evaluate visual and proprioceptive variability separately.
Of many gait variables, minimum foot clearance (MFC), the minimum vertical distance between the lowest 
surface of the foot/shoe and the ground surface during the mid-swing phase of gait, is considered to be directly 
linked to trip-over occurrence8,10,34,35. This is because that a foot or obstacle-ground encounter (i.e. a trip-over) 
occurs when MFC equals to or is lower than zero8,10. Extensive investigations during the past two decades have 
identified greater MFC variability in older people, especially older fallers in multiple studies and regarded it as an 
important risk factor for falls8,10,34,35.
Taking the evidence as mentioned above together, we hypothesised that increased sensorimotor variability 
with age manifests as increased MFC variability and thus increased trip-overs and falls. Moreover, raised sensory 
variability due to degeneration contributes to increased sensorimotor variability. The objective of this study is 
thus to characterise sensorimotor and sensory variability in the context of MFC. Besides, we aim to quantify the 
visual variability of the environment as well as the visual and proprioceptive variability of the extremity. To do so, 
we first develop a controlled motor paradigm biomechanically mimicking stepping, FOot HEight POsitioning 
(FOHEPO) task, to compare sensorimotor variability in different age groups. We then use sensory psychophysics 
to measure gross sensory variability and the sensory variability of the environment, both in the context of the 
FOHEPO task. Because the visual and proprioceptive variability of the extremity is not directly measurable, we 
employ two well-established computational principles in human perception to estimate it. First, it is known that 
overall sensory variability is the sum of variability originating in the environment and body36,37. Thus, by subtract-
ing environment sensory variability from gross sensory variability, extremity sensory variability can be acquired. 
Second, the Bayesian integration rule11,38,39 states how combining visual and proprioceptive information of limb 
positions is based on separate variability. We can, therefore, estimate the proprioceptive and visual variability of 
the extremity by manipulating the visibility of the extremity and comparing differences between limb visible/
invisible conditions. We additionally perform predictive modelling to indicate the probability of tripping-over 
while negotiating structured obstacles (i.e. staircases) using sensorimotor variability at different ages.
Methods
Four experiments were conducted (Fig. 1). In experiment 1, the FOot HEight POsitioning (FOHEPO) task, 
sensorimotor variability of foot stepping was measured. Experiment 2, 3 and 4 were classical constant stimulus 
sensory psychophysics with two alternative force choice (2AFC) tasks. In experiment 2, height discrimination 
between the foot and obstacle was used to quantify the sensory variability of the FOHEPO task. The procedure 
of experiment 3 was identical to experiment 2 except that the visibility of the foot, leg and thus the height was 
blocked. We compared the sensory variability in experiment 3 to the variability in experiment 2 to analyse the 
visual occlusion impact. Experiment 4 was obstacle height discrimination. Taking together values acquired in 
experiment 2, 3 & 4, we computed the variability of individual sensory modalities. We then built a probability 
model to predict fall occurrence as a function of age based on the data from experiment 1.
Participants. Seventy-four people, including 30 young (13 females; mean 27.0 (S.D. 3.9) years, pre-defined 
range 20–40 years), 26 older (11 females; mean 73.3 (S.D. 4.4) years, pre-defined range 66 years and beyond) 
and 18 middle-aged (10 females; mean 59.5 (S.D. 3.9) years, pre-defined range 45–65 years) volunteered in the 
FOHEPO task. Young participants were graduates of Imperial College. Older and middle-aged participants 
were volunteers from the local community or Imperial College. The study was approved by the Imperial College 
Research Ethics Committee and performed in accordance with the declaration of Helsinki. All participants gave 
written informed consent to participate in the experiment. Participants completed a health questionnaire to 
ensure they had no past or present conditions that could interfere with the sensorimotor control and Waterloo 
Footedness Questionnaire-Revised (WFQ-R)40 to determine their dominant foot. All but one young participant 
were right dominant. Out of 74 who completed the FOHEPO task, 17 young (9 females, mean age 27.5 (S.D. 4.0) 
years), 22 older (11 females, mean age 69.8 (S.D. 5.8) years) and 17 middle-aged (9 females, mean age 59.5 (S.D. 
3.9) years) volunteers completed the foot-obstacle 2AFC (experiment 2 & 3). Eighteen young (10 females; mean 
28.6 (S.D. 4.7) years), 23 older (11 female, mean age 69.8 (S.D. 5.9) years) and 17 middle-aged (9 female, mean 
age 59.5 (S.D. 3.9) years) completed the obstacle 2AFC task (experiment 4). All the participants who did not com-
plete all tasks exited the study due to relocation, except that one older participant withdrew after completing the 
FOHEPO task and foot-obstacle leg visible 2AFC because of an exercise injury, and one middle-aged participant 
lost contact. Data were unusable in one of the FOHEPO task (in the young group) and one of the foot-obstacle 
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2AFC (in older people group). There were no significant group differences in mean height or weight or gender 
distribution.
Stimuli and apparatus. All experiments were performed in the FOHEPO workstation, a closed-loop 
robotic environment we built for high precision motor and sensory psychophysics on the lower extremities41. 
The workstation constituted of a supportive metal frame with its rear side open for a participant standing inside 
the workstation. The stimulus (We called it the ‘obstacle’ because it served as an obstacle that a subject had to step 
to.), a white polystyrene sheet L 760 × W 300 × H 5 mm was located at the front side of the workstation and sur-
rounded by the black workstation walls and floor. Four Firgelli linear actuators (Firgelli L16-140-63-12-S, Firgelli, 
Victoria(BC/Canada) drove the obstacle moving vertically from 0 (=ground level) to 150 mm. Three Optitrack 
Flex-13 cameras (Natural Point, OR, USA) tracked the positions of participants’ feet and the obstacle at 120 Hz, 
using markers placed on the front of feet and the obstacle.
Procedure. Experiment 1: FOHEPO task. (Figure 1a) Participants stood 900 mm from the obstacle and 
matched their foot to three target heights (50, 100, and 150 mm) while holding safety handrails. Twenty trials 
were presented for each target in each foot in a pseudorandom order. Each trial started with actuators moving the 
obstacle to the target height. Five hundred ms after the obstacle reaching its target level, a countdown phase with 
an audio signal being’three-two-one-beep’ was delivered. Participants got prepared while hearing the countdown 
audio but only started moving the designated foot on the beep. They flexed their knee and hip to raise the foot 
and kept the moving foot parallel to the ground. When considering their foot matching the obstacle height, par-
ticipants pressed a button on the left handrail to transmit a time monitoring flag to the PC-controlled MATLAB 
Module. They kept their foot at the same level for 1000 ms until another audio signal, which indicated the end of 
a trial and provided performance feedback using real-time height difference acquired from motion tracking data 
(positive feedback when the difference between the foot and the obstacle less than 35 mm; otherwise negative 
feedback), played. If a participant did not press the button within 4000 ms, the trial was terminated automatically 
and labelled as “mistrial”. Participants were informed before the experiment that they would have one more 
chance to repeat mistrials at the end of each block. They also knew that the speed of reaction was not the primary 
measure and they could spend as much time on a trial provided that they complete it within 4000 ms. İf a partici-
pant failed to complete a trial in the second try, that trial was excluded from data analysis.
Experiment 2 and 3: Foot-obstacle 2AFC – leg visible and invisible conditions. (Figure 1b,c) Each condition con-
tained 10 blocks of 12 trials with both feet being tested. A trial consisted of simultaneous presentations of one of 
the participant’s feet, which was lifted to 100 mm above the ground by a platform, and the obstacle. Foot heights 
Figure 1. Experimental set-up. Participants stood inside an automated robotic platform, 900 mm away from 
the obstacle. They undertook four tasks. In (a) FOot HEight POsitioning (FOHEPO) task, participants lifted 
one of their feet to match the height H of the obstacle. Three target heights were examined (50 100 and 150 mm). 
The FOHEPO task measured sensorimotor variability. Sensory variability in the context of the FOHEPO task 
was then measured by using (b) Foot-obstacle two-alternative forced choice (2AFC), leg-visible condition. In 
each trial, one of the participant’s feet was lifted by a 100 mm high platform (Hf 100 mm). The obstacle height 
Ho was randomly chosen from 4 levels: 100−24, 100−8, 100 + 8 and 100 + 24 mm. Participants chose whether 
the lifted foot or the obstacle is higher in each trial. We then conducted two more sensory psychophysics (c) 
and (d) to compute sensory variability originated from individual sensory modalities, including vision and 
proprioception. In (c) Foot-obstacle 2AFC, leg-invisible condition. The procedure was identical to (b), except 
that the visual information of foot height was blocked by a piece of A1 size black paper. (d) Obstacle 2AFC. Each 
trial consisted of two successive observation intervals. The standard stimulus (Hs 100 mm) randomly appeared 
in one of the two intervals. The comparison stimulus Hc was randomly chosen from 4 levels: 100−12, 100−4, 
100 + 4 and 100 + 12 mm. Each interval presented the stimulus for 2 seconds. Between these two intervals, 
actuators moved the obstacle to the position of the second interval. Participants then chose the interval 
containing the higher height between the two at the end of each trial.
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were taken as standard stimuli. The obstacle heights, varying from ±8 and ±24 mm to the standard were pre-
sented as comparison stimuli. Participants chose the higher stimuli by pressing buttons on a numeric keyboard, 
on which button “F” meant “foot” higher and button “O” meant “obstacle” higher. Two conditions, one with the 
lifted leg visible and the other with the leg visually blocked, took place on two separate days. The orders of condi-
tions and feet were counterbalanced among participants.
Experiment 4: Obstacle 2AFC. (Figure 1d) The experiment consisted of 10 blocks of 12 trials. Each trial com-
prised the sequential manifestation of obstacle stimuli. The height of the standard was 100 mm. The comparison 
was a set of heights from ±4 and ±12 mm to the standard. Between trials and intervals, linear actuators moved 
the obstacle. Participants closed their eyes between intervals and trials. Sound signals indicating the beginning 
and end of an interval were played to instruct participants when to observe the height of the obstacle front border. 
At the end of a trial, participants chose the higher interval by pressing buttons on a numeric keypad, on which 
button “1” represented the first interval and button “2” represented the second.
Data processing and statistical analysis. Data analysis was performed by MATLAB (Release 
2014a, Mathworks, Inc. Natick, MA, USA). In the FOHEPO task, the average of 1 second (120 frames) front 
marker height data, beginning from button press time, was regarded to be foot height, so as the height of the obsta-
cle. Statistical analysis was performed by SPSS (IBM SPSS Statistics for Windows, Version 22.0&25.0. Armonk, 
NY: IBM Corp.). The Kolmogorov-Smirnoff test was used to check the normality of the data. For normally dis-
tributed data sets, we used mixed-design ANOVAs with post-hoc t-tests corrected for multiple comparisons with 
the Bonferroni method to provide control of the family-wise error rate42. Traditional frequentist testing does not 
provide a quantitative measure of how firmly the data support the null hypothesis. Therefore, for cases in which 
ANOVAs did not display significance, we conducted Bayes Factor (BF) analyses of independent sample t-tests for 
each pair to quantify how likely the null or alternative hypothesis was43. For data sets that were not normally dis-
tributed, the nonparametric Kruskal-Wallis H test was used. Outliers were detected by Tukey’s method44, taking 
(Quartile3) + (3 IQR) as a cut-off value.
Fitting psychometric functions and computing sensory variability. We used psychometric function parameters to 
estimate variability in experiment 2, 3, and 4. The computation procedures were as follows:
Raw responses Ψ were the proportion of trials in which a comparison stimulus was judged higher than a 
standard at each comparison level. We fitted raw responses to cumulative Gaussian distribution functions45.
Ψ λ λ α σ= + − ⋅(1 2 ) ( , ) (1)2
By fitting the eq. (1), we obtained σ2, the variance of sensory estimate distribution of each experiment36,46. 
Other terms in the equation were α, the comparison height corresponding to the 50% point of the function and 
λ, the lapse rate.
In experiment 2 and 3, total variability σ2 was the sum of obstacle height estimate variability σO
2 and foot height 
estimate variability σF
2 and can be expressed as the following eqs (2) and (3) (see also Fig. 2b,c):
Experiment 2: foot-obstacle 2AFC – leg-visible(LV)
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estimation follows the Bayesian integration rule11,38, as previously modelled. This means different sensory modal-
ities representing the same events being integrated in a fashion such that the reciprocal of the squared standard 
deviation (variance) of multi-sensory representation equals the sum of the reciprocals of uni-modal variances. In 
this way, the brain weights evidence based on the reliability of each sensory modality and minimises the variance 




In experiment 4 (see also Fig. 2d), there was such a relationship between the measured σobstacle
2  and the variance 
of obstacle estimates σO
2 based on literature46:
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2  (based on eq. (3)). Last, since σSensoryLV
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2  are measurable and σF P,
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compute σF V,
2  using eq. (2).
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Modelling tripping-over occurrence. We related yearly tripping-over occurrence as a function of age to popula-
tion data on falls during stair negotiation. To link falls per year to the trip-over probability per staircase we set up 
the following inference pipeline.
 1. Trip probability per-step prediction: We built a model predicting the trip-over probability per step taken 
on negotiating structured obstacles, specifically ascending stairs with 150 mm risers. We fitted the sensori-
motor variability data of the 150 mm condition of the FOHEPO task to a linear model which predicted the 
variability as a function of age
Figure 2. Models to represent and compute the variability of each task (a) In the FOHEPO task, task variability, 
i.e. sensorimotor variability, is the sum of sensory and motor variability [61]. The motor policy formed for the 
FOHEPO task is based on all available sensory information, including sensory estimates of the height of the 
obstacles (XO) and sensory estimates of the height of the own foot (XF). Therefore, the sensory variability of the 
FOHEPO task is the sum of obstacle height estimate variability σO
2 and foot height estimate variability σF
236. (b) 
We directly measured the sensory variability using the foot-obstacle 2AFC leg-visible condition. As has been 
mentioned, the sensory variability, expressed as the variance of encoded position estimates of foot and obstacle 
σSensoryLV
2 , is the sum of of the variances of obstacle σO
2 and the foot height estimates σF
2. Sensory estimation of the 
obstacle height is represented only by the visual information. Therefore, the sensory variability of obstacle 
height (σO
2) equals to the visual variability of the obstacle height (σO V,
2 ). Sensory estimates of foot height in the 
leg-visible condition are formed by combining the variance of proprioception σ( F P,
2 ) and vision (σF V,
2 ) in a 
Bayesian way11,38. (c) When the lifted leg is invisible, foot height is estimated only based on proprioceptive 
representation and thus σF
2 equals to σF P,
2 . Total sensory variance sigmaSensoryLI
2  is still the linear sum of σO
2 and σF
2. 
(d) In the obstacle 2AFC, the visual estimates of obstacle positions at two intervals of a trial are compared. We 
assumed the variances of obstacle height estimates remain constant in two intervals. From the signal detection 
theory of psychophysics46, we know σ σ= ⋅2obstacle O V
2
,
2 , where σobstacle
2  is attainable from the psychometric 
function of obstacle 2AFC responses.
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σ = . + . ⋅ age11 06 0 09 (5)150
We assumed foot clearance data during stair climbing distribute normally based on literature47 and our 
own data (Supplementary Material Fig. 4). We used published foot clearance to low-rise staircases (as our 
150 mm example case) from a study by Riener and colleagues48 as the mean μ and standard deviation σ150 
of our modelled foot distributions. We then computed the per-step probability of tripping-over ptrip, i.e. the 
cumulative probability of foot placement lower than a 150 mm high staircase, using the following equation
∫ μ σ μ= −∞p d( , ) (6)trip
0
150
 2. Expected trip-over numbers in a two-year period: We can calculate expected yearly trip numbers per age 
using the equation: tripping−overs per year = ptrip·stair climbs per year. As there were no population-based 
yearly stair climb counts available, we adapted data from a study conducted by Coupland and colleagues, 
which showed that people in their 50s in England climbed 10 flights of stairs daily on average49. We then 
normalised stair climbing counts according to activity levels (i.e. stair climbing hours per day) acquired 
from Health Survey for England 2008 by 10 year age groups (16–75+ years)50.
We then compared model prediction with two-year falls on stairs statistics from a cohort study by Talbot and 
colleagues51.
Results
Experiment 1: Sensorimotor variability of the FOHEPO task. We designed and applied the FOot 
HEight POsitioning (FOHEPO) task to measure end-point variability during movements that were biomechan-
ically comparable to foot clearance when stepping to elevated surfaces. We used standard deviations to represent 
the sensorimotor variability of the FOHEPO task because Kolmogorov-Smirnov Goodness-of-Fit tests confirmed 
the normality of the foot height distributions (Supplementary Material Fig. 1). The mean sensorimotor variability 
measured for each group of each condition can be seen in Table 1. Sensorimotor variability increased significantly 
with age, as revealed by the age main effect (F(2,70) = 4.71; p = 0.012) of Age × Height × Foot ANOVAs. Post-hoc 
analysis displayed a significant difference between the older and young (p = 0.003), but not the middle-aged and 
young (p = 0.63). A significant height effect was also found (F(2,140) = 55.13; p < 0.001). Further, because of a mar-
ginally significant age-group/obstacle height interaction (F(4,140) = 2.04, p = 0.09), we analysed the simple effect 
of age on each height condition using Age × Foot ANOVAs. Older people performed significantly more variably 
than young when matching obstacles at 100 mm (p = 0.012) and 150 mm (p = 0.014) (see Fig. 3a).
A multiple linear regression was carried out to investigate whether age, foot and obstacle height together could 
significantly predict participants’ sensorimotor variability. The results of the regression indicated that the model 
explained 19.1% of the variance (R2 = 0.19) and the model was a moderately significant predictor of sensorimotor 
variability (F(3,434) = 34.24, p < 0.001; multiple correlation coefficient R = 0.44). While age (β = 0.074, p < 0.001) 
and obstacle height (β = 0.074, p < 0.001) contributed significantly to the model, foot did not (β = −0.528, 
p = 0.27). A test of quadratic trend was statistically non-significant (p = 0.20). Having found that the FOHEPO 
task, as in previous studies, showed increased sensorimotor variability with age. We now proceed to focus on 
sensory components within this context.
Experiment 2 and 3: Sensory variability in the foot-obstacle 2AFC. To quantify sensory variability, 
we used foot-object height discrimination psychophysics. Sensory variability (Fig. 3b and Table 2) showed signif-
icant age group (F(2,52) = 6.07, p = 0.004) and condition effects (condition mean ± SE: leg-visible = 7.8 ± 48 mm, 
leg-invisible = 9.5 ± 60 mm; F(1,52) = 8.40, p = 0.005), but no interaction. Pair-wise comparison found that older 
people had higher levels of sensory variability than the young (p = 0.004). Importantly, in post-hoc analy-
sis, the condition effect was only significant in the older group (p = 0.02), but not in the young (p = 0.39) and 
middle-aged (p = 0.11), which implied that absent visual information of foot height negatively impacted older 
people’s performance more than the other two groups.
We performed a linear regression on sensory variability against age. As can be seen from Fig. 3c (blue dots 
and line), age was a significant predictor of sensory variability. The regression equation was sensory variability 
(mm) = 4.64 (mm) + 0.06 · age (r = 0.35, p < 0.01). There was also a positive correlation between sensorimotor 
Young (M±S.D) Middle-aged (M±S.D) Older (M±S.D)
L50 10.0 (4.0) 10.5 (4.4) 11.2 (4.3)
R50 8.6 (2.7) 11.3 (5.0) 11.3 (5.2)
L100 12.0 (4.2) 12.1 (4.2) 14.8 (5.9)
R100 10.7 (3.7) 12.6 (5.5) 14.8 (5.5)
L150 13.6 (3.5) 15.3 (7.5) 17.5 (7.2)
R150 12.2 (3.8) 14.4 (6.8) 17.2 (7.3)
Table 1. Sensorimotor variability of the FOHEPO task by age groups, feet and heights. Expressed in mean (S.D) 
unit: mm.
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and sensory variability (Fig. 3d.; r = 0.38, p = 0.004). A partial correlation between an individual’s sensorimotor 
variability at 100 mm and age whilst controlling the effect of sensory variability was then conducted. We found no 
positive partial correlation between sensorimotor variability and age whilst taking account the mediating effect 
of sensory variability (ρ = 0.14, p = 0.31). This result indicates that sensory variability had a significant influence 
on ageing-related sensorimotor variability increases. Having shown that sensory variability increased with age, we 
then applied sensory psychophysics of object height discrimination and used the computational rules of sensory 
cue integration to estimate the variability of proprioception and vision separately.
Figure 3. Sensorimotor and sensory variability under different experimental conditions. (a) Group means of 
the sensorimotor variability of the FOHEPO task of each height condition. Significant age group differences 
were found in 100 mm (p = 0.012) and 150 mm (p = 0.014) conditions. (b) Group means of sensory variability 
in the foot-obstacle 2AFC, leg-visible and -invisible conditions. Older subjects had higher levels of sensory 
variability than the young subjects in both leg-visible (p = 0.032) and leg-invisible (p = 0.015) conditions. 
Bonferroni t-test showed the sensory variability of older people in leg-invisible condition increased significantly 
compared to leg-visible condition (p = 0.02). (c) Scatter plot of age and both sensorimotor and sensory 
variability in the 100 mm condition as a linear function of age. Age was a significant, positive predictor of both 
sensorimotor (r = 0.30, p = 0.026) and sensory variability (r = 0.35, p < 0.01). Across adulthood, sensorimotor 
and sensory variability both increased at 0.06 mm per year averagely. Similar graphics showing the sensorimotor 
variability of the 50 mm and 150 mm conditions versus age can be found in the Supplementary Material Fig. 2. 
(d) There was also a significant positive correlation between sensorimotor and sensory variability (r = 0.38, 
p = 0.004). The results of (c) and (d) imply that the sensory noise being one cause underlying more variable 
movement in ageing.
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Assessing the variability of individual sensory modalities. Proprioceptive variability of the foot esti-
mates. As can be seen from Fig. 4a, there was a significant age group effect (F(2,44); p = 0.048). Pairwise compar-
ison showed that older adults had higher proprioceptive variability compared to young (p = 0.055). The 
middle-aged group did not have significant differences to any of the other two groups. A linear regression on 
proprioceptive variability against age showed a significant positive correlation between proprioceptive variability 
and age (Fig. 4b; r = 0.30; p = 0.048). There was also a significant positive correlation between sensory and propri-
oceptive variability (Supplementary Material Fig. 3a; r = 0.53; p < 0.001). Importantly, the result of a partial cor-
relation between sensory variability and age whilst controlling the effect of proprioceptive variability was not 
significant (ρ = 0.20, p = 0.19), suggesting that the ageing-related increase of sensory variability was likely due to 
the increase proprioceptive variability. It should be noted that we excluded individuals’ data (4 out of 17 in young, 
4 out of 17 in middle-aged and 2 out of 21 in older) from statistical analysis because negative values of σF P,
2  were 
obtained when using Eqs (3) and (4) to compute proprioceptive variability.
Visual variability of the obstacle and foot estimates. The visual variability of obstacle height had neither age 
group difference (F(2,58) = 1.3; p = 0.28) (Fig. 5a) nor significant correlation (p = 0.20) with participants’ age. We 
performed a BF analysis to quantify how much more likely the non-significant results were to occur if the null 
hypothesis is true, compared to if the alternative hypothesis is true. BF between the older and young was 1.80 
and between the older and middle-aged was 4.25, supporting the null (i.e. no difference) over the alternative 
hypothesis. Additionally, the result of a partial correlation between sensory variability and age whilst controlling 
the effect of visual variability remained to be significant (ρ = 0.32, p = 0.033), indicating that visual variability had 
little influence in controlling for the relationship between sensory variability and age.
However, we also found that only in the older group, there were significant positive correlations between the 
visual variability of obstacle height and sensorimotor variability (Fig. 5c; r = 0.47; p = 0.033) as well as sensory 
variability (r = 0.49; p = 0.023, see Supplementary Material Fig. 3b). This implied that individual differences of 
visual precision affect older people’s sensorimotor precision more than the other two groups.
Based on the assumption of Bayesian integration rule11,38, we attempted to calculate the visual variability of 
foot estimates using Eq. (2). While negative values of σF V,
2  were found in a notable proportion of participants. we 
excluded those cases. In discussion, we examined the possible reasons behind the detection of negative values. 
The medians of σF V,
2  was found to be 5.4 mm in the young (N = 6), 12.3 mm in the middle-aged (N = 7) and 
11.0 mm in the older (N = 12) (Fig. 5b). Although Kruskal-Wallis H test was not significant (p = 0.24), the result 







Foot-obstacle 2AFC-LV 6.7 (2.2) 7.4 (3.5) 9.5 (4.2)
Foot-obstacle 2AFC-LI 7.5 (3.7) 9.2 (4.1) 12.0 (5.1)
Proprioceptive noise 6.7 (3.6) 7.9 (4.3) 10.5 (4.9)
Visual noise of obstacle 5.2 (2.4) 6.6 (3.2) 6.5 (3.0)
Table 2. Sensory variability by age groups and experimental conditions/sensory modalities. Expressed in mean 
(S.D) unit: mm.
Figure 4. Proprioceptive variability. (a) There was a significant age group effect (F(2,44); p = 0.048). Pairwise 
comparison showed that older adults had higher proprioceptive variability compared to young (Bonferroni 
t-test p = 0.055). Each bar represents a single subject. It should be noted that the sampling numbers were 
different from those of sensory experiments. Some participants’ data (4 out of 17 young adults, 4 out of 17 
middle-aged and 2 out of 21 older adults) had to be excluded because negative values of σF P,
2  were obtained 
when using eqs (3) and (4) to compute proprioceptive variability. (b) Scatter plot of age and proprioceptive 
variability. Age was a positive predictor of proprioceptive variability (r = 0.30; p = 0.047).
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Modelling tripping-over occurrence by age. As can be seen from Fig. 6b, expected tripping-over num-
bers over a period of 2 years increased from 10−4 to 1. This progressive increase of predicted trips with age was 
generally consistent with the fall-upon-stair data from a population study51. However, the extent of reported 
fall increase was not as drastic as prediction. From aged 30s to 70s, falls on the stairs increased around 10-fold. 
Logistic regression showed age, but not sensorimotor variability per se, a significant predictor of fall history in our 
participants (Supplementary Material Table 2).
Figure 5. Visual variability of obstacle and foot height (a) Mean visual variability of obstacle height σobstacle of 
each age group. There was no significant age group differences by ANOVA. Error bars indicate SEM. (b) Visual 
variability of foot height σF,V. Individual visual variability was acquired by using Eq. (2), which assumed people 
follow the Bayesian integration rule when combining visual and proprioceptive information to estimate their 
foot heights. There was no significant age group effect. (c) Scatter plot of visual variability of obstacle height and 
sensorimotor variability. Only in the older people group, there was a significant positive correlation between 
visual variability and sensorimotor variability (r = 0.47; p = 0.033). In the young and middle-aged groups, no 
such relationship was observed.
Figure 6. (a) We modelled the tripping probability when healthy adults aged 22–84 years step onto a 150 mm 
rise staircase as a function of age. The model was based on our result of FOHEPO task sensorimotor variability 
as a linear function of age. The per-step tripping probability increased by more than 104 times from 20+ to 80+ 
years. Dashed lines represent the 95% confidence intervals. (b) Compare model prediction to reported data. The 
blue line represents expected trip-over number during a period of two years as a function of age. The predicted 
trip-over count was calculated by multiplying the tripping probability shown in (a) with stair-climbing counts 
normalised to age according to previous research49,50. As can be seen, the (log) expected trip-over occurrence 
increased nearly monotonically, from 10−4 at 22 years to about 1 at 84 years in a two year period. Dashed lines 
represent the 95% confidence intervals of model prediction. The orange line represents community-based 
fall numbers of three age groups: young (mean 35 years), middle-aged (mean 55 years) and older (mean 77 
years) people, reported in a two-year retrospective study by Talbot and colleagues51. As can be seen, the model 
prediction trend was broadly similar to community-based data.
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Discussion
Greater gait variability, specifically, greater MFC variability, has been identified as an important marker of 
increased fall risk in older people. How the changes of the sensorimotor system in ageing, especially alterations in 
individual sensory systems, are related to increased gait variability in older people has mostly been unexplored. 
Here, we demonstrate a link between sensorimotor variability and MFC variability increases in older people. We 
further show that the increased sensory variability is a crucial factor in the age-related increases of sensorimotor 
variability. We then specifically quantified the variability of individual sensory modalities, i.e. proprioception and 
vision, and characterised their relationship to age-related increases of sensory variability. The key finding is that 
proprioceptive but not visual variability correlated with the age-related increases of sensory and sensorimotor 
variability. We additionally predicted fall probability by age based on the linear relation between our sensorimotor 
variability results and age.
The two common ageing motor features are increased end-point variability and slower movements16–22. In this 
study, we focused on end-point variability and provided sufficient time (5 seconds to observe and prepare and 
4 seconds to move) for task completion. The results showed that older participants completed equal amount of 
trials (older 99.4 ± 1.4%; young 99.4 ± 1.0%) but spent more time on foot matching (1.91 seconds in older people 
1.69 seconds in the young), compared to the young (Supplementary Material Table 1). Besides, no speed-accuracy 
correlation was shown (Supplementary Material Fig. 5). It is therefore rational to conclude that our observation 
of increased sensorimotor variability with age did not result from older people trading precision with speed. This 
is important because older adults typically display higher gait variability, independent of slower walking speed, 
in gait biomechanics52,53.
We used regression to examine sensorimotor variability changes across adulthood and found an increase 
roughly by 0.07 mm per year. This trend appears to be significantly linear and not characterised by sudden jumps. 
In the small number of studies investigating variability in perception-action tasks across adult lifespan, some 
studies identified, similar to our finding, that variability increases as early as the age of 5054,55 while some found 
that variability remains stable until age 6056,57. The discrepancies between studies56,57 could have been caused 
by differences in task nature. The FOHEPO task needs collaboration of multiple sites in the sensorimotor sys-
tem, which show diverse trajectories along the course of ageing19. For example, studies have found lower motor 
neurons showing no evidence of loss before the age 6058,59 and upper motor neurons in the brain continuously 
decreasing across adulthood60. The distributed computations needed for the FOHEPO task may be the reason 
that the performance degraded steadily across age. This monotonous degradation is a potential candidate for 
early risk detection while the pathologies causing it are prospective targets of activity modifications to prevent 
later impairments. However, the linear regression model explained only about 20% variance (R2 = 0.19), indicat-
ing significant amounts of sensorimotor variability were influenced by factors other than age. Investigations into 
additional factors related to sensorimotor variability are needed before accurate risk evaluation can be reached.
Sensorimotor variability is composed of sensory variability, motor variability and internal mechanisms medi-
ating the two61. We find that sensory variability, measured via experiment 2, was significantly higher (by 42%, 
2.8 mm) in the older than the young. The quantitative increase of sensory variability matched which in sensori-
motor variability (by 30%, 3.4 mm). When controlling for the effect of sensory variability by partial correlation, 
the positive correlation between sensorimotor variability and age was explained away. We concluded that sensory 
variability is the primary driver for age-related increases in sensorimotor variability. We further estimated the 
three primary factors constituting sensory variability in the task, proprioceptive variability in estimating the own 
foot heights, visual variability in estimating the own foot heights and visual variability in estimating the obsta-
cle height. We demonstrated that proprioceptive variability increased significantly by 56% in the older group. 
Additionally, the ageing-related increases of sensory variability were explained away by proprioceptive but not 
visual variability, as demonstrated by the results of partial correlations. This provides evidence supporting the 
importance of proprioception to gait control. Previous studies revealed that impaired proprioception during 
ageing impacts stance and balance control62,63 with a focus on static scenarios. We were able to show here that 
increased proprioceptive variability critically affects sensorimotor variability and as a result, the variability with 
which an ageing person clears over an obstacle (foot clearance variability).
We hypothesised that participants integrate information from both vision and proprioception to boost foot 
position estimate precision. This would result in a decrease of sensory variability when participants were allowed 
to use visual information of foot positions, as shown in the results. Importantly, the degree of precision enhanced 
by visual information differed greatly between age groups. Older people benefited substantially from vision (sen-
sory variability reduced from 12.0 to 9.5 mm with a post-hoc t-test p = 0.02), while young and middle-age did 
not show significant differences. The result is compatible with previous studies showing enhanced benefits from 
multisensory integration in older people compared to the young64. It is also in agreement with research discov-
ering that older people compared to the young rely more on vision to maintain balance65. This poses a general 
question, why sensory precision did not improve notably in the young and middle-age when they integrated the 
visual information of foot estimates. This observation can be explained by the Bayesian integration rule11,38, which 
states that the weights of individual sensory modalities are inversely proportional to their variance. Suppose one 
sensory modality has overwhelmingly lower variability than the other, weighting would exceedingly favour the 
modality with lower variability and post-integrated sensory variability would be nearly identical to the smaller 
mono-sensory variability. Previous research has shown that young subjects mostly reply on proprioception in 
hand depth judgment, as proprioception is more precise than vision in the depth dimension (i.e. the radial direc-
tion with respect to observers)39. The optical geometry of foot height estimation is the same as those of hand 
depth estimation. Had it been a similar but more extreme case in the difference between proprioceptive and visual 
precision, subjects would have depended much on proprioception and shown a post-integrated sensory variabil-
ity almost indistinguishable from proprioceptive one. This is what we identified in our young and middle-aged 
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participants. On the contrary, older people increased their reliance on vision based on the Bayesian integration 
rule to react to raised proprioception variability. By doing so, they significantly enhanced their performance.
An integration policy strongly replies on more precise proprioception in the young and middle-aged also 
provides an explanation why a non-trivial number of negative values were acquired when applying eqs (3) and (4) 
to recover the foot height estimate visual variability. In this circumstance, the reduction of variance resulting from 
sensory integration becomes so small that the measurement variability could have exceeded the effect and caused 
σF P,
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. Indeed, we found the mean proprioceptive variability of those have negative values 
obtained in calculation was 5.8 mm, much lower than the mean of those positive values obtained (mean 9.6 mm; 
p = 0.01). The small number of foot visual variability estimates did make it difficult to draw a conclusion from the 
remaining data even though our result was parallel to the result of obstacle visual variability.
Still, an absence of raised obstacle visual variability in our older participants was surprising considering that 
visual problems are thought a prominent characteristic during ageing. One reason could be that the primary 
source of increased visual variability during ageing is increased light scatters due to clouding lenses, i.e. cataract66. 
We reviewed our older participants’ health status questionnaires. They had not only corrected-normal sight but 
also a very low prevalence of cataracts (2 out of 26 in older and 1 out of 18 in middle-aged group compared to 
40% prevalence in population-based studies67,68). This could have been the reason that visual variability in the 
sampling older population was equivalent to the young. However, while showing no inter-group difference, the 
inter-individual differences of visual variability was a positive predictor of increased sensorimotor variability in 
older people. The finding can be recognised as supporting evidence of increased reliance on visual information 
with age. It also identifies the danger of over-reliance on a single sensory domain for compensation and raises the 
importance of physical training of proprioceptive capabilities, which has been shown to promote retention69 and 
improvements70 on proprioception.
Developing an effective predictive behavioural marker for fall risk screening is important but challenging. 
The benefits of using the FOHEPO and related sensory tasks to evaluate fall risk are repeatable during follow-ups 
and capable of recognising specific sensory modality changes to set up rehabilitation plans. We attempted to link 
sensorimotor variability to tripping risk by building up an inference module based on the linear model between 
sensorimotor variability and age. Though the trend between our prediction and the surveillance data were sim-
ilar, the result should be treated with extra caution. First, as has been mentioned, the linear correlation between 
sensorimotor variability and age was not strong. Second, additional logistic regression (Supplementary Table 2) 
showed that in our sampling population, age but not individual sensorimotor variability predicted whether par-
ticipants experienced falls in the past two years. Taking these findings together, we acknowledge sensorimotor 
variability and falling in daily life can be influenced by multiple factors that we cannot exhaustively examine in a 
single study. We expect future work to elucidate other elements interacting with sensorimotor variability values 
and falls in older people.
To conclude, the current study, to the knowledge of the authors, is the first experimental evidence to show a 
connection between increased sensorimotor variability and increased foot clearance variability. Importantly, we 
systematically examined the relationship between changes in individual sensory modalities, overall sensory varia-
bility and sensorimotor variability. We demonstrate that the experimental protocols can pinpoint a specific deficit 
of the sensory systems, namely increased proprioceptive variability, critically linking to the increased sensorimo-
tor variability of the tested ageing subjects. The finding provides the neural control understanding of falls and also 
has practical implications for the future development of risk screening tools and targeted rehabilitation exercise.
References
 1. Centers for Disease Control and Prevention. Web-based injury statistics query and reporting system WISQARS. http://www.cdc.
gov/injury/wisqars/index.html (2015).
 2. World Health Organization. WHO global report on falls prevention in older age (World Health Organization, 2008).
 3. Berg, W. P., Alessio, H. M., Mills, E. M. & Tong, C. Circumstances and consequences of falls in independent community-dwelling 
older adults. Age and ageing 26, 261–268 (1997).
 4. Blake, A. et al. Falls by elderly people at home: prevalence and associated factors. Age and ageing 17, 365–372 (1988).
 5. Deandrea, S. et al. Review article: Risk factors for falls in community-dwelling older people: “a systematic review and meta-analysis”. 
Epidemiology 658–668 (2010).
 6. Robinovitch, S. N. et al. Video capture of the circumstances of falls in elderly people residing in long-term care: an observational 
study. The Lancet 381, 47–54 (2013).
 7. Rubenstein, L. Z. & Josephson, K. R. The epidemiology of falls and syncope. Clinics in geriatric medicine 18, 141–158 (2002).
 8. Barrett, R., Mills, P. & Begg, R. A systematic review of the effect of ageing and falls history on minimum foot clearance characteristics 
during level walking. Gait & posture 32, 429–435 (2010).
 9. Hamacher, D., Singh, N., Van Dieen, J., Heller, M. & Taylor, W. Kinematic measures for assessing gait stability in elderly individuals: 
a systematic review. Journal of The Royal Society Interface 8, 1682–1698 (2011).
 10. Mills, P. M., Barrett, R. S. & Morrison, S. Toe clearance variability during walking in young and elderly men. Gait & posture 28, 
101–107 (2008).
 11. Bays, P. M. & Wolpert, D. M. Computational principles of sensorimotor control that minimize uncertainty and variability. The 
Journal of physiology 578, 387–396 (2007).
 12. Rossignol, S., Dubuc, R. & Gossard, J.-P. Dynamic sensorimotor interactions in locomotion. Physiological reviews 86, 89–154 (2006).
 13. Van Beers, R. J., Haggard, P. & Wolpert, D. M. The role of execution noise in movement variability. Journal of neurophysiology 91, 
1050–1063 (2004).
 14. Faisal, A. A., Selen, L. P. & Wolpert, D. M. Noise in the nervous system. Nature reviews neuroscience 9, 292–303 (2008).
 15. Osborne, L. C., Lisberger, S. G. & Bialek, W. A sensory source for motor variation. Nature 437, 412–416 (2005).
 16. Elliott, D. et al. Goal-directed aiming: two components but multiple processes. Psychological bulletin 136, 1023 (2010).
 17. Pratt, J., Chasteen, A. L. & Abrams, R. A. Rapid aimed limb movements: age differences and practice effects in component 
submovements. Psychology and aging 9, 325 (1994).
 18. Sasaki, H., Masumoto, J. & Inui, N. Effects of aging on control of timing and force of finger tapping. Motor control 15, 175–186 
(2011).
www.nature.com/scientificreports/
1 2Scientific RePoRTS |  (2018) 8:14546  | DOI:10.1038/s41598-018-32648-z
 19. Seidler, R. D. et al. Motor control and aging: links to age-related brain structural, functional, and biochemical effects. Neuroscience 
& Biobehavioral Reviews 34, 721–733 (2010).
 20. Ketcham, C. J. & Stelmach, G. E. Movement control in the older adult. In Pew, R. W. & B, V. H. S. (eds) Technology for adaptive aging, 
chap. 3, 64–92 (National Academies Press (US), 2004).
 21. Kwon, M., Baweja, H. S. & Christou, E. A. Age-associated differences in positional variability are greater with the lower limb. Journal 
of motor behavior 43, 357–360 (2011).
 22. Kwon, M., Chen, Y.-T., Fox, E. J. & Christou, E. A. Aging and limb alter the neuromuscular control of goal-directed movements. 
Experimental brain research 232, 1759–1771 (2014).
 23. Boptom, R. Q. I., Cumming, R. G., Mitchell, P. & Attebo, K. Visual impairment and falls in older adults: the blue mountains eye 
study. Journal of the American Geriatrics Society 46, 58–64 (1998).
 24. Callisaya, M. L., Blizzard, L., McGinley, J. L., Schmidt, M. D. & Srikanth, V. K. Sensorimotor factors affecting gait variability in older 
people—a population-based study. The Journals of Gerontology Series A: Biological Sciences and Medical Sciences glp184 (2009).
 25. Carville, S. F., Perry, M. C., Rutherford, O. M., Smith, I. C. H. & Newham, D. J. Steadiness of quadriceps contractions in young and 
older adults with and without a history of falling. European journal of applied physiology 100, 527–533 (2007).
 26. Lord, S. R. & Ward, J. A. Age-associated differences in sensorimotor function and balance in community dwelling women. Age and 
Ageing 23, 452–460 (1994).
 27. Lord, S. R. & Dayhew, J. Visual risk factors for falls in older people. Journal of the American Geriatrics Society 49, 508–515 (2001).
 28. Madhavan, S. & Shields, R. K. Influence of age on dynamic position sense: evidence using a sequential movement task. Experimental 
brain research 164, 18–28 (2005).
 29. Verschueren, S., Brumagne, S., Swinnen, S. & Cordo, P. The effect of aging on dynamic position sense at the ankle. Behavioural brain 
research 136, 593–603 (2002).
 30. Marigold, D. S. Role of peripheral visual cues in online visual guidance of locomotion. Exercise and sport sciences reviews 36, 
145–151 (2008).
 31. Goble, D. J., Coxon, J. P., Wenderoth, N., Van Impe, A. & Swinnen, S. P. Proprioceptive sensibility in the elderly: degeneration, 
functional consequences and plastic-adaptive processes. Neuroscience & Biobehavioral Reviews 33, 271–278 (2009).
 32. Reed-Jones, R. J. et al. Vision and falls: a multidisciplinary review of the contributions of visual impairment to falls among older 
adults. Maturitas 75, 22–28 (2013).
 33. Proske, U. & Gandevia, S. C. The proprioceptive senses: their roles in signaling body shape, body position and movement, and 
muscle force. Physiological reviews 92, 1651–1697 (2012).
 34. Begg, R., Best, R., Dell’Oro, L. & Taylor, S. Minimum foot clearance during walking: strategies for the minimisation of trip-related 
falls. Gait & posture 25, 191–198 (2007).
 35. Khandoker, A. H., Taylor, S. B., Karmakar, C. K., Begg, R. K. & Palaniswami, M. Investigating scale invariant dynamics in minimum 
toe clearance variability of the young and elderly during treadmill walking. IEEE Transactions on Neural Systems and Rehabilitation 
Engineering 16, 380–389 (2008).
 36. Van Beers, R. J., Sittig, A. C. & Van der Gon Denier, J. J. How humans combine simultaneous proprioceptive and visual position 
information. Experimental Brain Research 111, 253–261 (1996).
 37. van Beers, R. J., Sittig, A. C. & van der Gon, J. J. D. The precision of proprioceptive position sense. Experimental Brain Research 122, 
367–377 (1998).
 38. Ernst, M. O. & Banks, M. S. Humans integrate visual and haptic information in a statistically optimal fashion. Nature 415, 429–433 
(2002).
 39. van Beers, R. J., Wolpert, D. M. & Haggard, P. When feeling is more important than seeing in sensorimotor adaptation. Current 
biology 12, 834–837 (2002).
 40. Elias, L. J. & Bryden, M. P. Footedness is a better predictor of language lateralisation than handedness. Laterality: Asymmetries of 
Body, Brain and Cognition 3, 41–52 (1998).
 41. Lin, C.-H. & Faisal, A. A. Robotic psychophysics system for assessment, diagnosis and rehabilitation of the neurological causes of 
falls in the elderly. In 2015 37th Annual International Conference of the IEEE Engineering in Medicine and BiologySociety (EMBC), 
3731–3734 (IEEE, 2015).
 42. Armstrong, R. A. When to use the bonferroni correction. Ophthalmic and Physiological Optics 34, 502–508 (2014).
 43. Dienes, Z. Bayesian versus orthodox statistics: Which side are you on? Perspectives on Psychological Science 6, 274–290 (2011).
 44. Hoaglin, D. C., Iglewicz, B. & Tukey, J. W. Performance of some resistant rules for outlier labeling. Journal of the American Statistical 
Association 81, 991–999 (1986).
 45.  Prins, N. et al. Psychophysics: a practical introduction (Academic Press, 2016).
 46. Tyler, C. W. & Chen, C.-C. Signal detection theory in the 2AFC paradigm: Attention, channel uncertainty and probability 
summation. Vision research 40, 3121–3144 (2000).
 47. Renz, E., Hackney, M. E. & Hall, C. D. Foot clearance and variability in mono-and multifocal intraocular lens users during stair 
navigation. Journal of Rehabilitation Research & Development 53 (2016).
 48. Riener, R., Rabuffetti, M. & Frigo, C. Stair ascent and descent at different inclinations. Gait & posture 15, 32–44 (2002).
 49. Coupland, C. et al. Habitual physical activity and bone mineral density in postmenopausal women in England. International journal 
of epidemiology 28, 241–246 (1999).
 50. Craig, R., Mindell, J. & Hirani, V. Health survey for England 2008: physical activity and fitness (2009).
 51. Talbot, L. A., Musiol, R. J., Witham, E. K. & Metter, E. J. Falls in young, middle-aged and older community dwelling adults: perceived 
cause, environmental factors and injury. BMC public health 5, 86 (2005).
 52. Kang, H. G. & Dingwell, J. B. Effects of walking speed, strength and range of motion on gait stability in healthy older adults. Journal 
of biomechanics 41, 2899–2905 (2008).
 53. Kang, H. G. & Dingwell, J. B. Separating the effects of age and walking speed on gait variability. Gait & posture 27, 572–577 (2008).
 54. Callisaya, M. L., Blizzard, L., Schmidt, M. D., McGinley, J. L. & Srikanth, V. K. Ageing and gait variability—a population-based study 
of older people. Age and ageing 39, 191–197 (2010).
 55. Verlinden, V. J. et al. Gait patterns in a community-dwelling population aged 50 years and older. Gait & posture 37, 500–505 (2013).
 56. Cole, K. J., Rotella, D. L. & Harper, J. G. Mechanisms for age-related changes of fingertip forces during precision gripping and lifting 
in adults. Journal of Neuroscience 19, 3238–3247 (1999).
 57. Marmon, A. R., Pascoe, M. A., Schwartz, R. S. & Enoka, R. M. Associations among strength, steadiness, and hand function across 
the adult life span. Medicine & Science in Sports & Exercise 43, 560–567 (2011).
 58. Tomlinson, B. & Irving, D. The numbers of limb motor neurons in the human lumbosacral cord throughout life. Journal of the 
neurological sciences 34, 213–219 (1977).
 59. Zhang, C., Goto, N., Suzuki, M. & Ke, M. Age-related reductions in number and size of anterior horn cells at C6 level of the human 
spinal cord. Okajimas folia anatomica Japonica 73, 171–177 (1996).
 60. Henderson, G., Tomlinson, B. E. & Gibson, P. H. Cell counts in human cerebral cortex in normal adults throughout life using an 
image analysing computer. Journal of the neurological sciences 46, 113–136 (1980).
 61. Faisal, A. A. & Wolpert, D. M. Near optimal combination of sensory and motor uncertainty in time during a naturalistic perception-
action task. Journal of neurophysiology 101, 1901–1912 (2009).
www.nature.com/scientificreports/
13Scientific RePoRTS |  (2018) 8:14546  | DOI:10.1038/s41598-018-32648-z
 62. Horak, F. B. Postural orientation and equilibrium: what do we need to know about neural control of balance to prevent falls? Age and 
ageing 35, ii7–ii11 (2006).
 63. Shaffer, S. W. & Harrison, A. L. Aging of the somatosensory system: a translational perspective. Physical therapy 87, 193–207 (2007).
 64. Mozolic, J. L., Hugenschmidt, C. E., Pfeiffer, A. M., & Laurienti, P. J. Multisensory integration and aging, in The Neural Bases of 
Multisensory Processes, eds M.M. Murray & M.T. Wallace (Boca Raton, FL: CRC Press), http://www.ncbi.nlm.nih.gov/books/
NBK92841/ (2012).
 65. Yeh, T. T., Cluff, T. & Balasubramaniam, R. Visual reliance for balance control in older adults persists when visual information is 
disrupted by artificial feedback delays. PloS one 9, e91554 (2014).
 66. Pardhan, S., Gilchrist, J., Elliott, D. & Beh, G. A comparison of sampling efficiency and internal noise level in young and old subjects. 
Vision Research 36, 1641–1648 (1996).
 67. Klein, B. E., Klein, R. & Lee, K. E. Incidence of age-related cataract: the beaver dam eye study. Archives of Ophthalmology 116, 
219–225 (1998).
 68. Leske, M. C., Connell, A. M., Wu, S.-Y., Hyman, L. & Schachat, A. Prevalence of lens opacities in the barbados eye study. Archives of 
Ophthalmology 115, 105–111 (1997).
 69. Ribeiro, F. & Oliveira, J. Aging effects on joint proprioception: the role of physical activity in proprioception preservation. European 
Review of Aging and Physical Activity 4, 71 (2007).
 70. Thompson, K., Mikesky, A. E., Bahamonde, R. & Burr, D. B. Effects of physical training on proprioception in older women. Journal 
of Musculoskeletal and Neuronal Interactions 3, 223–231 (2003).
Acknowledgements
We express our sincere gratitude to the volunteers from (1) University of 3rd Age (2) Friends of Imperial College 
and (3) Imperial College London who kindly donated their time and energy to participate in this study. C.L. was 
supported by the Ministry of Education in Taiwan (1001163-2-UK-003).
Author Contributions
C.L. designed the protocol, collected and analysed the data, built and implemented the model, wrote the 
manuscript and prepared all figures, A.A.F. designed the protocol, analysed the data, and reviewed and edited 
the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32648-z.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
